Abstract: Relativistic configuration interaction results are presented for several B-like ions (Ge XXVIII, Rb XXXIII, Sr XXXIV, Ru XL, Sn XLVI, and Ba LII) using the multi-configuration Dirac-Hartree-Fock (MCDHF) method. The calculations are carried out in the active space approximation with the inclusion of the Breit interaction, the finite nuclear size effect, and quantum electrodynamic corrections. Results for fine structure energy levels for 1s 2 2s 2 2p and 2s2p 2 configurations relative to the ground state are reported. The transition wavelengths, transition probabilities, line strengths, and absorption oscillator strengths for 2s 2 2p-2s2p 2 electric dipole (E1) transitions are calculated. Both valence and core-valence correlation effects were accounted for through single-double multireference (SD-MR) expansions to increasing sets of active orbitals. Comparisons are made with the available data and good agreement is achieved. The values calculated using core-valence correlation are found to be very close to other theoretical and experimental values. The behavior of oscillator strengths as a function of nuclear charge is studied. We believe that our results can guide experimentalists in identifying the fine-structure levels in their future work.
Introduction
For ions with three electrons in the valence shell, it is quite simple to take all the configuration interactions between the states of the ground complex into consideration. Besides, three electron spectra are sufficiently complex to show unusual level anti-crossing effects. Due to increased availability of experimental data for highly-ionized systems obtained from beam-foil experiments and from astrophysical measurements, interest in transition rates and oscillator strengths in highly ionized atoms has increased. The calculated results are useful in the case of yet unobserved transitions and also for determining the density and temperature of the solar corona or in the diagnostic studies of thermonuclear plasmas. The X-ray spectra from L-shell ions lie in the wavelength region covered by the space observatories XMM-Newton and Chandra [1] and thus may be important for astrophysics. The spectral studies of boron-isoelectronic sequence are of great importance in diagnostics of solar, astrophysical, and fusion plasmas [2, 3] . Transitions within n = 2 complex of ions in the boron isoelectronic sequences have been observed in tokamak [4, 5] and astrophysical plasmas [6] . Transition within the 2s 2 2p ground configuration are particularly useful for diagnostics of electron densities in the range 10 12 to 10 14 cm´3 [7, 8] . Germanium is a useful element for plasma diagnostics [9] .
Theoretically, many authors have contributed to the study of boron-like ions [10] [11] [12] [13] [14] [15] [16] . Bhatia et al. [17] calculated oscillator strengths, radiative decay rates, and collision strengths for many ions including Ge XXVIII. Energy levels and rates for electric dipole transitions in boron like ions between B I and Si IX were presented by Fischer and Tachiev [18, 19] using multi-configuration
Method of Calculation

Computational Procedure
The Grasp2K code [33] is based on the multi-configuration Dirac-Hartree-Fock (MCDHF) approach, taking relativistic and QED corrections into consideration. The MCDHF method has been described in detail by Grant [34] . We give a brief overview of the important features of the method.
The Dirac-Coulomb Hamiltonian is
The first term denotes the one-body contribution for an electron due to kinetic energy and interaction with the nucleus in JJ coupling. Here, α and β are 4ˆ4 Dirac matrices, c denotes the speed of light, and V N is the monopole part of the electron-nucleus coulomb interaction. The second term consists of the two-body Coulomb interactions between the electrons. The configuration state functions (CSFs) Φ(Γ α J P ) are formed by symmetry-adapted linear combinations of Slater determinants of the Dirac orbitals. Atomic state functions are then constructed by a linear combination of these atomic state functions (ASFs).
In the above equation, C iα are mixing coefficients for the state i and n csf denotes the number of CSFs used in the evaluation of ASFs. The one-electron and intermediate quantum numbers needed to define the CSFs are represented by Γ α . The configuration mixing coefficients C iα are obtained through diagonalization of the Dirac-Coulomb Hamiltonian given in Equation (1). The radial parts of the Dirac orbitals and the expansion coefficients are optimized self-consistently in the relativistic self-consistent field procedure. After this, relativistic configuration interaction (RCI) calculations [35] can be performed. The most important transverse photon interaction included in the Hamiltonian
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The contributions from the Breit interaction, vacuum polarization, self-energy, and finite nuclear mass corrections are added as first-order perturbation correction. The spin-angular part of the matrix elements is calculated using the second quantization method in coupled tensorial form and quasispin technique [36] .
Transition Parameters
The transition parameters such as line strengths and rates for multipole transitions between two states ψ α (PJM) and ψ α (P 1 J 1 M 1 ) can be expressed in terms of the transition matrix element:
Here Q pλq k denotes the corresponding transition operator of order k in Coulomb or Babushkin gauge [37] . Biorthogonal transformations of the atomic state functions were performed to compute the transition matrix element between two atomic state functions described by independently optimized orbital sets. Racah algebra techniques were used to evaluate the matrix element in the new representation.
Calculation Procedure
The extended optimal level (EOL) version of the MCDHF method is used to optimize the wave functions for all fine structure levels within a given term. In the EOL scheme [38] , the optimization is on the weighted energy average of the states. The significant interactions between neighboring levels can be determined accurately in this method as simultaneous optimization of multiple levels with a specific J is performed in this method. We included different correlations in the calculation in a systematic approach; they are represented by the different constraints on the generation of CSFs included in Equation (2) .The correlation between the valence electrons is defined as valence correlation (VV).In this, the core electrons are kept fixed and CSFs are generated by exciting valence electrons. The correlation between the valence electrons and core electrons is defined as core-valence correlation (CV), where one of the core electrons is excited to generate the CSFs. More than one core electron is allowed to excite in the core-core (CC) correlation, which is between the core electrons. We generated the CSFs using the active space approach [39, 40] . This was done by exciting electrons from the reference configurations to a set of orbitals called the active set (AS).To generate configuration expansions for the fine structure terms belonging to the 2s 2 2p ground configuration, single and double substitutions (SD) were performed from the {2s 2 2p, 2p 3 } multireference set to an active set of orbitals. For the terms belonging to the 2s2p 2 configuration, CSFs were generated by SD substitutions from the single reference configurations. By allowing excitations from a number of reference configurations to a set of relativistic orbitals, jj-coupled CSFs of particular parity and J symmetry were generated. We systematically enlarged the active sets to orbitals with principal quantum number n = 3, . . . , 7 and orbital quantum numbers l = 0, . . . , 4 (s,p,d,f,g) to observe the convergence.
AS1 " tn " 3, l " 0´2u Then, the active set is increased in the way shown: AS2 " AS1`tn " 4, l " 0´3u AS3 " AS2`tn " 5, l " 0´4u AS4 " AS3`tn " 6, l " 0´4u AS5 " AS4`tn " 7, l " 0´4u.
Active set was increased in steps of orbital layers as orbitals with the same principal quantum number have similar energies. We optimized separately a set of orbitals for the even states and for the odd states.
In the present work, we included valence-valence (VV) and core-valence (CV) electron correlation effects to describe the inner properties. To reduce the processing time only the newly added orbitals were optimized. RCI (Relativistic Configuration Interaction) calculations including Breit interactions were performed to consider higher order correlation effects. Finally, the multireference sets for odd and even parity states were enlarged to include {2s 2 2p, 2p 3 , 2s2p3d, 2p3d 2 } and {2s2p 2 , 2p 2 3d, 2s 2 3d, 2s3d 2 }, respectively. The configurations with largest weights in the preceding self-consistent field calculations were included in the multireference set. To the final RCI calculations, QED effects (vacuum polarization and self-energy) were added as perturbation. The mixing coefficients obtained in the block structure format using MCDHF and RCI orbital wave functions were then reformed into non-block format and the initial and final state orbital wave functions were redesigned to a new form in which the two orbitals are biorthonormal [41, 42] . These biorthonormal wavefunctions were then used to evaluate the dipole transition rates.
Results and Discussion
A very efficient way to ensure the convergence of atomic property within a certain correlation model is to use the active set approach to enlarge the configuration expansion systematically. We optimized the states of 2s 2 2p, 2s2p 2 configurations layer by layer. In order to consider VV correlations, calculations were performed with CSFs generated by single and double excitations from the 2s and 2p shells of the reference configurations 2s 2 2p and 2s2p 2 to the active set. For CV calculations, we allow excitations from the 1s orbital also. Table 1 displays our computed level energies for 10 levels belonging to 2s 2 2p and 2s2p 2 configurations of Ge XXVIII, Rb XXXIII, Sr XXXIV, Ru XL, Sn XLVI, and Ba LII as functions of the increasing active sets for VV and CV correlations. Energy contributions from Breit interaction and QED corrections are included in the calculations. For the odd parity states of Ge XXVIII, our RCI calculations included 182,470 and 6055 CSFs distributed over J = 1/2, 3/2 angular symmetries for the n = 7 results in the CV and VV correlations, respectively. For the even parity states, there were 277,127 and 10,546 CSFs distributed over J = 1/2, 3/2, and 5/2. Comparing our VV and CV calculations with other available data, we observe an improvement in the agreement when core orbital excitations are included. The computed energies for Rb XXXIII, Sr XXXIV, and Ba LII from CV correlation results agree well with the experimental values. The largest discrepancy between our computed energies from n = 7 CV calculations and National Institute of Standards and Technology (NIST) [43] values is 0.57% for 2s2p 2 2 P 1/2 level of Rb XXXIII. Further, we find our calculated energies are in good agreement with Koc [22] energy values. As Z increases, level ordering changes for some levels as seen from Table 1 . For Ru XL, Sn XLVI and Ba LII, 2s2p 2 4 P 1/2 lies above 2s 2 2p 2 P˝3 /2 and for Sn XLVI and Ba LII, the levels 2s2p 2 4 P 5/2 and 2s2p 2 2 D 5/2 are interchanged.
The zero-order Dirac-Fock wave functions given by the reference configuration in the absence of electron correlation include limited number of configurations and hence are insufficient to represent the occupied orbitals. Therefore, more configurations must be added to represent electron correlations. The CSFs generated from these configurations must have same angular momentum and parity as the occupied orbital. In Table 2 , we have presented the mixing coefficients for the wave functions of our calculated levels. For instance, the configuration mixed wave function for the 2s2p 2 4 P 1/2 level for Ge XXVIII is represented as 2s2p 2 4 P 1/2 " 0.94 2s2p 2 p 4 P 1/2 q`0.30 2s2p 2 p 2 S 1/2 q 0.13 2s2p 2 p 2 P 1/2 q, where 0.94, 0.30 and 0.13 are the configuration mixing coefficients. The maximum contribution to the total wave function of a given level is from the same configuration. The contribution from each level is also listed in the table.
In Table 3 , the radiative data for its 2s 2 2p 2 P˝1 /2 -2s2p 2 2 D 3/2 transition in Ge XXVIII are shown as functions of increasing active sets in VV and CV correlations. In both correlation calculations, the convergence of the results can be clearly seen as n increases. A good agreement between Coulomb and Babushkin gauges is found and this agreement improves with increasing n.
In Table 4 , we have presented transition wavelengths as well as radiative rates, oscillator strengths, and line strengths for E1 (electric dipole) transitions from the ground state and first excited state for CV correlations. As CV results are better and converged fully, we have performed the calculations including CV correlation with n = 7. Results are provided in both Coulomb and Babushkin gauges. Both forms agree well as can be seen from Table 4 , which indicates the accuracy of our results. A comparison between our computed transition wavelengths with NIST values [44] has been provided wherever possible and a good agreement achieved. The values of δT, which represents the deviation of ratio of length and velocity form of line strengths from unity and thus is an accuracy indicator, have also been tabulated. The maximum value of δT is 0.24, which confirms the accuracy of our results. In Figure 1 we have plotted transition wavelengths from ground state 2s 2 2p 2 P˝1 /2 to 2s2p 2 4 P 1/2 , 2s2p 2 4 P 3/2 , 2s2p 2 2 D 3/2 , 2s2p 2 2 P 1/2 , 2s2p 2 2 P 3/2 and 2s2p 2 2 S 1/2 levels as a function of Z. It is observed that wavelength decreases with increasing Z. The A l /A v values of E1 transitions from B-like ions for various Z are plotted in Figure 2 . The ratios range from 0.90 to 1.01.The small discrepancy in the A l and A v values may be taken as a measure of the reliability of the computed rates. In Figures 3 and 4 we display the weighted oscillator strengths (gf) in length form for various E1 transitions from ground state as length form is considered more stable. For an allowed transition, the Z dependence depends on the ∆j value. The jumping electron in such transition is either of type 2s 1/2 -2p 1/2 (∆j = 0) or 2s 1/2 -2p 3/2 (∆j = 1). For the B I sequence, the f value for an allowed transition (∆j = 1) increases slowly with Z while for transitions (∆j = 0) the f value decrease slowly with Z [45] . However, in the intermediate-Z region anti-crossings of the energy levels occur between two levels of same configuration, with the same J value having the same parity due to strong mixing in the corresponding wavefunctions. These states are nearly degenerate at a well-defined Z value. These anti-crossings of energy levels have a significant influence on the f value of the corresponding lines and can account for the anomalies in the systematic trends of the oscillator strengths involving the corresponding states. The maximum contribution to the total wave function of a given level is from the same configuration. The contribution from each level is also listed in the table.
In Table 3 , the radiative data for its 2s 2 2p 2 P°1/2-2s2p 2 2 D3/2 transition in Ge XXVIII are shown as functions of increasing active sets in VV and CV correlations. In both correlation calculations, the convergence of the results can be clearly seen as n increases. A good agreement between Coulomb and Babushkin gauges is found and this agreement improves with increasing n. 2 4 P1/2, 2s2p 2 4 P3/2, 2s2p 2 2 D3/2, 2s2p 2 2 P1/2, 2s2p 2 2 P3/2, and 2s2p 2 2 S1/2 levels, respectively.
In Table 4 , we have presented transition wavelengths as well as radiative rates, oscillator strengths, and line strengths for E1 (electric dipole) transitions from the ground state and first excited state for CV correlations. As CV results are better and converged fully, we have performed the calculations including CV correlation with n = 7. Results are provided in both Coulomb and Babushkin gauges. Both forms agree well as can be seen from Table 4 , which indicates the accuracy and can account for the anomalies in the systematic trends of the oscillator strengths involving the corresponding states. 0.94 (3) + 0.30 (9) + 0.13 (7) 0.89 (2s2p 2 4 P 1/2 ) + 0.09 (9) + 0.02 (7) 2s2p 2 
Conclusions
In this work, we have provided a detailed and systematic study of fine-structure energy levels, wavelengths, transition rates, and line strengths for transitions among levels belonging to 2s 2 2p and 2s2p 2 configurations of Ge XXVIII, Rb XXXIII, Sr XXXIV, Ru XL, Sn XLVI, and Ba LII. The MCDHF method has been adopted for the calculations. The calculations were performed for valence-valence and core-valence correlations through large configuration expansions in a systematic way using active set approach. The self-consistent field approximation, Breit interaction, and QED effects are included to improve the atomic state functions and the corresponding energies. Results from our present calculations are in good agreement with other available theoretical and experimental results. Nearly equal values of length and velocity forms indicate the accuracy of our results. It is clear that the relativistic and configuration interaction effects are important in the accurate evaluation of atomic data. It is clear that for all Z ions, the MCDHF method including core-valence correlation is an accurate approach for the whole sequence. We hope that these results will be useful for analyzing data from fusion devices and from astrophysical sources and in the modeling and characterization of plasmas.
